Boron carbide
Introduction
Among metal matrix composites, aluminum alloy based composites are known as very promising light materials with enhanced mechanical properties. In fact, by introducing a hard phase either in particulate or fiber form, the modulus and wear resistance of aluminum alloys could be significantly improved [1] [2] [3] . Among different parameters affected by the final properties of the composites, the nature of the reinforcement and processing route play a paramount role [4, 5] . Boron carbide is an interesting material for many reasons. It has low density (2.51 g/cm 3 ), excellent chemical resistance and is extremely hard [6] . Additionally, boron carbide (B 4 C) has a high neutron absorption cross-section making it a valuable material for nuclear applications [6] . Despite these advantages, the monolithic B 4 C does not seem to be introducing well as an advanced structural ceramic due to high brittle nature related to shock induction localized at high strain rates [7] . It is known that combining the B 4 C with a metal can mitigate the problems associated with brittleness. By far, the most popular metal used in joining B 4 C for this purpose is aluminum [8] [9] [10] [11] [12] . Aluminum wets B 4 C well at elevated temperatures. Molten aluminum has been shown to form a variety of binary and tertiary phases when in contact with B 4 C such as Al 3 BC, AlB 10 and Al 4 observed phase [13, 14] . The sintering of composite materials by microwave processing has been known to reduce heating temperature and time and lead to fine microstructures and improved mechanical properties [15] [16] [17] [18] [19] [20] [21] [22] .
The boron carbides react strongly with liquid aluminum, resulting in a variety of compounds, including Al 3 BC, AlB 24 C 4 (AlB 10 ), Al8B 4 C 7 , Al 3 B 48 C 2 (b-AlB 12 ), AlB 2 , AlB 12 C 2 , AlB 48 C 2 , Al 4 C 3 and a-AlB 12.7 [23] . Some studies have reported on the reactivity of B 4 C in aluminum processed by infiltration and powder metallurgy techniques and on the formation of different compounds at different processing temperatures [14, 24, 25, 26] . The main aims of the present work are the feasibility of the formation of aluminum-B 4 C composites by using microwave heating and investigation of the mechanical and structural properties of these composites.
2.
Experimental procedures B 4 C (Aldrich-378100) and aluminum (1056-merck) powders were used as the starting materials and cobalt powder (99.8% purity and 5 m mean particle size) was used as an additive. The composition of composite samples is given in Table 1 .
The mixing of powders presented in Table 1 was carried out using the Spex instrument (8000D, Mixer mill). The mixed powders were compacted to prepare the bar shape samples with the dimension of 25 mm × 5 mm × 5 mm at 250 MPa using a uniaxial press. The compression strength test samples were fabricated using a hydraulic press type to obtain cylindrical preforms with a diameter of 10 mm and height of 8 mm. The sintering of samples was carried out using a microwave furnace (900 W and 2.45 GHz), which monitored temperature using an optical pyrometer (Model: RAYR312MSCL2G) at 650 • C, 750 • C, 850 • C and 950 • C without soaking time in a graphite bed. The bulk density of sintered samples was measured using the Archimedes' Principle. The three point bending and compressive strength measurements were examined by Santam-STm 20. For bending and compressive strength tests, five and three specimens were used, respectively. X-ray diffraction (Philips (30 kV and 25 mA) diffractometer system with CuK ␣ radiation ( = 1.5405Å)) analyses were performed to identify the phases present in the Al-B 4 C composites. Vickers microhardness values of the sintered samples were determined using a Microhardness Tester (MKV-h21, Akashi) under a load of 1 kgf for 15 s. At least ten successive indentations were performed for each sample. Microstructural investigations and EDS analyses of sintered samples were carried out using a SEM (Stereoscan 360, Leica Cambridge). 
3.
Results and discussion
XRD analysis
For studying the effect of sintering temperature on the phase structure and chemical compound of the composites, four D composites (Table 1) were sintered at 650, 750, 850 and 950 • C. As Fig. 1 shows, the identified phases were Al, B 4 C and Al 3 BC. It seems that the formation of Al 3 BC begins from the temperature of 850 • C [13] .
Density
As can be seen in Fig. 2 , there are no sharp changes in density of different composites sintered at the same temperature. Fig. 2 
Microstructural analysis
Mechanical and physical properties are highly affected by the microstructure of sintered composites. Figs. 3 and 4 illustrate the SEM micrographs of A, B and C composites. Homogeneous distribution of B 4 C reinforcements can be seen typically in Fig. 3 . From Fig. 4 (a) and (b), it is observed that A composite in contrast to B composite has some porosity around the B 4 C reinforcement particles. It seems that Co additive can improve the adherence of Al matrix to B 4 C particles. Fig. 5 shows SEM and EDS micrographs of Al-20% B 4 C-2% Co composite sintered at 850 • C. Also, the EDS spectra, from some spots labeled 1 through 3, are shown in Fig. 5 . Since the EDS analysis is incapable of detection of carbon and boron elements, the detection of Al peaks in the EDS spectra can be used as a criterion for proofing of B 4 C existence in the microstructure. In spot 1, there are not any peaks, while at spot 2, Al peak is seen, which probably seems that the interfacial reaction and formation of Al 3 BC phase have occurred. In spot 3 stronger peak of Al is observed in the matrix of composite. Finally, it seems that the dark and light regions are B 4 C and Al particles, respectively and Al 3 BC is probably formed at the interface of these particles.
Bending strength
The matrix hardening is mainly the consequence of three effects: (1) smaller grain sizes in the AMC matrix than in the alloy due to the reinforcement tangle. The hardening follows The bending strength of B 4 C-Al composites fabricated in the present work was found to be in the range of 123-238 MPa for B 4 C weight percent fractions in the range of 10-20%, respectively. Fig. 6 illustrates the bending strength changes of composites versus sintering temperature. As it is clear in Fig. 6 , composites have the lowest bending strength among others and Co additive might promote the adhesion of Al to B 4 C particles as observed in SEM micrographs (Fig. 4) . The C composites sintered at 650 and 750 • C have higher bending strength; however, with the raising temperature bending strength of B composites increases (Fig. 6) . The interfacial reaction and formation of Al 3 BC and also more cohesion between Al matrix and reinforcement as a result of higher sintering temperature which causes higher atomic diffusion could be the possible reason for the above mentioned. It is obvious that many parameters including interfacial reaction, porosity, microcracks, grains size, etc. affect on mechanical properties of composite; so the evaluation of each individual parameter regardless of the impact of others is unreasonable.
Compressive strength
The compressive strength results as a function of sintering temperature (Fig. 7) show that an increase in the amount of B 4 C and sintering temperature lead to an increase in the compressive strength. As it was discussed in the bending strength section, the smaller grain size will lead to more grain boundaries, which can act as strong obstacles to the dislocation motion, leading to the increase of compressive strength. The performed studies on the composites fabricated by microwave sintering revealed a narrow grain size with uniform distribution of the reinforcements, and well-bonded interfaces. This may be correlated with the advantage of microwave sintering, which have been proved to produce the composites with small grain size, homogeneous distribution of reinforcements and proper interfacial characteristic [29, 30] .
Microhardness
For all tested samples, the average microhardness of the microwave sintered composites was higher than the corresponding value for the reference 6061 Al alloy and the hardness increased with the increasing amount of B 4 C. This can be explained by the law of mixtures in the following equation [19] :
where H c , H m , and H r are the hardness of the composite, matrix and reinforcement, respectively, f m and f r are the fraction of matrix and reinforcement, respectively (Fig. 8) .
The microhardness increased with increasing reinforcement, since B 4 C is inherently harder than Al matrix and the fairly well distribution of the reinforcements improves the ability of the soft matrix to resist deformation. Sintering temperature is another parameter, which influences on the microhardness of the composite. In the Al/B 4 C composites, with raising sintering temperature to 850 • C the microhardness increased due to decrease in porosity and enhancement of interfacial bonding. At sintering temperature of 950 • C, the microhardness of composites decreased probably due to the formation of Al 3 BC and the grain coarsening with increasing sintering temperature.
Conclusions
Microwave sintering was used successfully to produce Al/B 4 C metal matrix composite. At sintering temperature of 850 • C and more, the interfacial reaction between Al and B 4 C causes the formation of Al 3 BC. 1 wt% cobalt could improve the microstructural and mechanical properties of the composites. In all composites, the microhardness and compressive strength values increased with increasing the weight fraction of B 4 C. Microwave heating could produce Al/B 4 C composites along with saving energy and time.
